Introduction of genetically modified microorganisms (GMM) into the environment for such purposes as biological pest control (3, 22) , improvement of plant frost resistance (2, 16, 17) , and enhanced waste degradation (11) necessitates prediction of the fate and impact of these organisms through monitoring under microcosm and field conditions. The soil represents the major sink for released GMM, either directly as a result of inoculation or indirectly through environmental transport. Therefore, rapid, reliable, and efficient techniques for detecting and enumerating GMM are necessary, and these techniques must have far greater sensitivity for detecting microorganisms in soil than has been available previously from traditional technology. Bioluminescence-based techniques fulfil these requirements and involve cloning of bioluminescent genes from the lux operon of the marine vibrios into various bacterial strains (2, 19, 23) . The resulting luminescence is an indication of metabolically active cells (19) and can be detected by using traditional photography (20, 21) , photomultiplier tubes (6, 21) , image intensifiers (23) , or 
charge coupled devices (CCD).
A CCD is a solid-state silicon device that consists of a matrix of light-sensitive elements (pixels), each of which contains a potential well. When incident light falls onto the device, electrons are freed within the silicon and are trapped in the potential wells. To obtain an image, the potential wells and the charge which they contain are moved sequentially to an output amplifier, where the charge in each well is measured, thereby building up an image (12, 13) .
The work described below formed part of a program that is intended to provide a predictive understanding of the ecology of genetically modified plants and microorganisms. In the case of microorganisms, this involves the development of cell or DNA detection systems to facilitate tracking in the soil environment. In this study, we assessed the potential of using CCD-enhanced microscopy to detect bioluminescence and hence determine the locations of single cells of microbial inocula that were marked with lux genes and released into a soil environment. A luminescent strain of Pseudomonas syringae pv. phaseolicola was used as a model * Corresponding author. organism because of the high levels of bioluminescence expressed by this organism.
MATERLILS AND METHODS
Bacterial strain and plasmid. The Pseudomonas aeruginosa phage (PL527 HcM promoter was isolated as a 750-bp KpnI-BamHI fragment from plasmid pQF26-HcM (7) (obtained from M. Farinha, Department of Microbiology and Immunology, Queen's University, Kingston, Canada). The insertion was electroeluted and purified before it was ligated into promoter probe vector pQF70 (8) , which contained the luciferase luxAB genes from Vibio harveyi (14) . Cells of Escherichia coli JM83 were transformed by using methods recommended by Boehringer, and positive transformants were identified as those transformants that were capable of light production in the presence of n-decyl aldehyde (Sigma). Confirmation of the plasmid construction was obtained by performing a restriction enzyme analysis of minipreparation DNA (5) . Plasmid pQF70/44 DNA for transformation of P. syringae pv. phaseolicola was prepared and purified from 100-ml cultures by using CsCl-ethidium bromide density centrifugation gradients. Purified plasmid pQF70/44 ( Fig. 1 UV light and by bioluminescence following addition of 2 pl of n-decyl aldehyde to the inverted lid of the petri dish.
The copy number for this plasmid vector has been reported previously as 35 to 38 for E. coli HB101 and 13 to 15 for P. aeruginosa (7) . The intensities of the plasmid bands from the total DNA of P. syringae pv. phaseolicola run on ethidium bromide-stained gels (5) compared with the intensities of the bands obtained with E. coli indicated that the plasmid copy number was similar to the copy number reported previously for P. aeruginosa (data not shown).
Microculture slide preparation. Microculture slides were constructed by using standard glass microscope slides (76 by 22 by 1.2 mm) which had a reservoir (40 by 22 by 2 mm) that was created by using piped, autoclavable acetoxysilicone rubber (STP Instant Gasket; Saxon Industries, Hungerford, United Kingdom). Into each reservoir 1 ml of LB broth that was solidified with 1.5% (wt/vol) agar (Oxoid) and contained 500 ,ug of carbenicillin (Sigma) per ml was placed. Within each reservoir an area of 2.25 cm2 was marked on the slide.
A 10-ml aliquot of LB broth containing 500 ,ug of carbenicillin ml-1 was inoculated with a single colony of P. syringae pv. phaseolicola that was taken from a plate containing LB media (see above) which had been incubated overnight at 25°C. The culture was grown to a concentration of 3 x 107 cells ml-1 at 25°C on a rotary shaker (150 rpm). The cell concentration was assessed by using a hemocytometer (Thoma) prior to inoculation of microculture slides. Tenfold dilutions of cultures were prepared in Ringer's solution and were used to inoculate sterile and nonsterile soil slurries. Microculture slides were inoculated with 10 ,ul of each bacterium-soil combination, which was spread over the 2.25-cm2 area by using a minispreader. Each slide was placed in a sterile petri dish and was incubated at 25°C for up to 4 h. Soil preparation. Samples (20 g) of sterile and nonsterile sandy loam soil (Craibstone series; pH 6.46 in deionized water; organic carbon content, 2.47%; organic nitrogen content, 272.7 mg 100 g-1; cation exchange capacity, 7.40 cmol kg-') were suspended in 180-ml portions of sterile distilled water and diluted by a factor of 10. The soil was sterilized by autoclaving it three times for 1 h each time (121°C, 100 kPa). The soil slurries and bacterial dilutions were combined to give final dilutions ranging from 10-2 to 10-4 for bacteria and soil. Microculture slides were inoculated with 10 ,ul of each combination as described above.
CCD-enhanced microscopy. Microculture slides were observed in a bright field by using a routine transmitted-light microscope equipped with Apochromat x 12.5 and x25 objectives (Jenamed Variant; Carl Zeiss, Jena, Germany) which were attached to the CCD via a "C" mount. The CCD camera used was of the nitrogen-cooled, slow-scanning type and was obtained from Wright Instruments Ltd., Enfield, United Kingdom. The benefits of using this type of CCD are that thermal noise is reduced by cooling and electronic readout noise arising in the output amplifier is reduced by reading the device out slowly. The CCD consisted of a 385-by-578 pixel matrix, and each pixel was 22 by 22 ,um (EEV Co Ltd., Chelmsford, United Kingdom) and was thinned and back-illuminated to give a high quantum efficiency (approximately 70% at 450 nm). The CCD and microscope were encased in a light-tight box with a removable door to reduce entry of extraneous light during darkfield exposures. n-Decyl aldehyde (1 ,ul) was injected into the agar adjacent to the cells to be imaged prior to dark-field exposures. Images were stored after 0.02 s of exposure for bright fields and after 15 to 30 min for dark fields following 3 to 4 h of incubation at 25°C.
Competition effects on levels of GMM bioluminescence. The effects of competition on the marked population were assessed by comparing the light outputs from cells grown in sterile and nonsterile soil slurries. Microculture slides were prepared as described above by using 10-,ul portions of inoculated sterile and nonsterile soil slurries. Slides were incubated for 2 h at 25°C. Images were obtained for all of the soil samples at the same magnification by using the same exposure time. By using a CCD imaging statistics program (Wright Instruments), the mean relative light output per cell was measured for 20 cells, using a cursor box and a Genius model GM-F301 mouse. The box size was constant for all measurements (26 by 18 pixels), and adjacent to each cell measured an equivalent measurement for the background was determined. The mean background value for each image was subtracted from each of the cell values, and the resulting value provided the relative light output per cell. Data for light output per cell were analyzed statistically by performing a one-way analysis of variance with treatment comparisons by using the least-significant difference. Figures 2A and B show the bright-and dark-field images, respectively, for undiluted cultures of P. syringae pv. phaseolicola after 4 h of incubation at 25°C and 0.02-s and 15-min exposures, respectively. At this stage filaments of cells were visible in both bright-and dark-field images. With inoculated sterile soil following 4 h of incubation some cells were obscured by particulate matter in the bright field (Fig.  2C) . However, these cells were clearly identifiable under dark-field conditions (Fig. 2D) following a 30-min exposure. Similarly, after 3 h of incubation, cells were masked by soil particles in nonsterile soil in bright-field exposures, although their locations were obvious under dark-field conditions after a 30-min exposure (Fig. 2E and F) . Optimum exposure times were assessed for both bright-and dark-field images in the presence and absence of soil. An exposure time of 0.02 s for bright-field images was found to be optimum regardless of the presence or absence of soil. The optimum exposure time for dark-field images of P. syningae in the absence of soil was 15 min, but in the presence of soil, a longer exposure time (30 min) was required to compensate for the interference caused by the presence of soil particulate matter on the microculture slide. For the soil which we tested, there was no detectable background luminescence in the absence of an inoculum.
RESULTS AND DISCUSSION
CCD-enhanced microscopy has been used to observe single mammalian cells which were grown in culture and were fluorescently labeled (4). These cells are large and do not suffer from background quenching, in contrast to the cells which we examined (Fig. 2D and F) amid soil particulate matter. In this study there was limited quenching of bioluminescence, as demonstrated by the results of a comparison of dark-field images in the presence and absence of soil (Fig. 2B, D, and F) , but this quenching did not significantly impair detection under dark-field conditions. demonstrates the problems that are associated with detecting cells in soil by using bright-field microscopy and the solution of these problems through exploitation of the sensitivity of the CCD image-enhanced technique.
Currently, cell detection in soil relies largely on extractive techniques (e.g., dilution plate enumeration, most-probablenumber estimation, and affinity capture), which are destructive and provide no spatial information. Nonextractive detection can be achieved by using fluorescent antibody labeling, which can be enhanced through cell sorting by flow cytometry (1) 19 .31 relative light units). It has been shown that light output determined by luminometry is a measure of instantaneous microbial activity and can therefore be used to assay the performance of a microbial inoculum in soil (19) . A key feature of our findings is the single-cell sensitivity observed when we used CCD-enhanced microscopy (as opposed to luminometry) to detect lux-modified inocula, particularly against a background of indigenous soil microorganisms in the soil matrix. Single cells of E. coli labeled with peroxidase have been detected by using a photon-counting camera with a close-up lens (18) . However, cell morphology could not be resolved, and the labeling procedure was not completely specific. Therefore, the technique can not be applied yet to situations where cells must be detected against a background of other cells. P. aeruginosa cells have been detected in soil by in situ hybridization in which fluorescently labeled oligonucleotides for rRNA were used (10) . This technique requires that the cells be fixed in the soil and is therefore sacrificial. Detection and enumeration of target bacteria are still possible, however, although the quality of detection against the background autofluorescence varies with the target organisms and their growth states (10) .
Nonextractive, metabolically linked detection of bioluminescence in soil with single-cell sensitivity (resulting from combining the lux system and CCD image-enhanced microscopy) enables the fate (activity, growth, dispersal, and location) of GMM to be monitored in model systems with far greater precision and sensitivity than has been possible previously, enhancing our ability to predict the fate of GMM in the environment.
